Superoxide dismutase (SOD), glutathione peroxidase (GPX) and catalase were assayed in the erythrocytes of a diabetic population on various treatment regimens (diet, oral therapy, and insulin), to investigate any relationships between their activities and diabetes markers (serum glucose, lipids, and fructosamine, as well as glycated haemoglobin). In the group of patients as a whole, there was significant negative correlation of SOD, but not of the other two enzymes with glycated haemoglobin and fructosamine. Specifically, there was a lower activity of the enzyme in the poorly-controlled patients. It is concluded that SOD in particular is potentially an additional marker for long-term diabetic pathophysiology .
SUMMARY. Superoxide dismutase (SOD), glutathione peroxidase (GPX) and catalase were assayed in the erythrocytes of a diabetic population on various treatment regimens (diet, oral therapy, and insulin), to investigate any relationships between their activities and diabetes markers (serum glucose, lipids, and fructosamine, as well as glycated haemoglobin). In the group of patients as a whole, there was significant negative correlation of SOD, but not of the other two enzymes with glycated haemoglobin and fructosamine. Specifically, there was a lower activity of the enzyme in the poorly-controlled patients. It is concluded that SOD in particular is potentially an additional marker for long-term diabetic pathophysiology .
Clinical chemistry is increasingly concerned with fluxes of intracellular constituents, since plasma is a reflection of cellular pathophysiology.I Among the intracellular enzymes which have attracted much attention is superoxide dismutase (BC 1.15.1.1) which converts the toxic superoxide radical to water and hydrogen peroxide. Since SOD is also noxious, other enzymes, namely GPX (BC 1.19.1.1) and catalase (BC 1.11.1.6) are present, presumably for the complete removal of reactive oxygen species. SOD catalase superoxide ) peroxide ) water GPX These enzymes, and the biology of their substrates, have recently been the subject of a number of comprehensive reviews, a reflection of burgeoning interest in the field. 2 • 3 It has been demonstrated that superoxide dismutase SOD activity in the polymorphonuclear leu~es of diabetic adult subjects is diminished, as it is in the lymphocytes and erythrocytes of insulin-dependent diabetic children. ' We showed that the activities of this enzyme, and GPX and catalase, were decreased by about 20% in the erythrocytes of a group of diabetics." Correspondence: J K Candlish, Biochemistry Deartment, National University of Singapore, Kent Ridge, Singapore 0511.
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It is perhaps not surprising that enzymes involved in oxygen metabolism should be affected by the diabetic state since, its metabolic derangements include tissue anoxia, which according to one review" may be due to one or more of a large number of factors. These factors include erythrocyte aggregation and microviscosity, increased glycated haemoglobin with its increased oxygen affinity, decreased 2,3diphosphoglycerate in the red cells, aggregation of platelets, accelerated production of thrombogenic prostaglandin derivatives, plasma protein abnormalities leading to increased blood viscosity, and enhancement of several factors which promote clotting. Recently, it has been shown by direct insertion of a sensor that sural nerve oxygen tension in human diabetes is low. 6 If for any reason there is a decrement in the supply of oxygen to tissues, there should be fewer reactive oxygen species. Over the long-term then the enzymes which remove these entities might show an adaptive decrease in activity, possibly in parallel with lack of diabetic control. The established indicators of control being serum glucose, lipids, and fructosamine, as well as red cell glycated haemoglobin.
This study was designed: (i) to confirm the quantum of SOD activity decrement in a specific cell (erythrocytes) in diabetics, (ii), to determine whether this decrement is accompanied by changes in the activities of the other enzymes involved in detoxicating reactive oxygen species and (iii) to try to relate it to some other commonly used assessments of the diabetic state.
Materials and methods

PATIENTS
Sixty eight unselected, adult patients attending an out-patient clinic in the National University Hospital, Singapore were identified for this study. The 1985 WHO study group? acknowledged that there are problems associated with classification of non-Europeans into types I or II, and this was not attempted. No attempt was made to obtain fasting blood as it was feared that covert non-compliance might seriously distort the results.
Of the whole group, 10 were being managed by diet alone, 26 were on oral hypoglycaemic agents and 32 were being treated with insulin. Thus, there were four groups available for study, if the total population is included as a group.
ANALYSES
Heparinised blood was taken from the patients in the course of routine management and centrifuged immediately for determination of the erythrocytic and serum components as follows: glucose, cholesterol, and triglycerides by the Beckman ASTRA analyser; SOD by the method of Marklund and Markland," GPX by the method of Paglia and Valentine," catalase by the method of Beutler, 10 glycated haemoglobin (as 'glycosylated haemoglobin'), the Pierce Glycotest 4200 kit and glycated serum proteins (herein referred to, as is the present convention, as 'fructosamine') using the 'Fructosamine Test Roche'.
Enzyme activities throughout are expressed as units (as defined by the author of the original methods) per mg soluble protein (Lowry method) in the cell lysate, protein rather than haemoglobin'? being chosen as the denominator to facilitate future intercellular comparisons.
Note was taken of sex, age, time elapsed since initial diagnosis, and current treatment. 'Control' was assessed in terms of a glycated haemoglobin of less than 6·4%, the upper cut-off point established in an earlier survey on the local population.F A reference group for purposes of comparison was identified from among the medical student population at our institution. Previous work" had shown no sex differences for the enzymes in such a group and no differentation
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into sexes was made for any of the analytes in the present work. In addition, a small older reference group of 20 subjects (mean age, 52) was obtained from healthy volunteers participating in another survey in the hospital. As these are two discernably separate populations they were not amalgamated for the purposes of comparison with the patients.
STATISTICAL ANALYSIS
The design of the study allowed a large number of intergroup comparisons. We were not concerned with possible correlations among the diabetes markers (glucose, glycated haemoglobin, fructosamine, and lipids), but with any possible relationships between them (singly and cumulatively) and the enzyme activities. The strategy for statistical analysis was (i) comparison of the means of treatment groups and reference groups using Student's r-test, (ii) ANOVA (one-way) to detect differences in the enzyme activities between different treatment groups, (iii) scatter diagrams to detect the relationships between enzyme activities and diabetes markers along with calculation of the regression equations, standard deviation of the regression, and significance level of the correlation, (iv) application of Bonferroni's inequality to add stringency to the interpretation of multiple comparisons. II Calculations were done with the Abstat~(Anderson-Bell Co) software package.
Rejection of outliers was not performed in this study.
Results
ENZYME ACTIVITIES
The conclusion of other workers': 3 that SOD is low in at least some of the cell types derived from diabetic subjects is confirmed. Table 1 indicates that it is decreased in erythrocytes by about 20% with respect to the reference population. The two related enzymes are also low in erythrocytes and to about the same extent. ANOVA (single) showed that there was no difference between any of the groups with respect to SOD, or to GPx or to catalase.
We previously showed" that there was little correlation between the activities of SOD, GPX and catalase in a group of healthy individuals, but that they moved into concordance in a mixed population of hospital patients suffering from a wide variety of conditions. Drawing of scatter diagrams indicated that the enzyme correlations could not be substantiated for this specifically diabetic population, except that there was a weak correlation between SOD and GPX activities (r=O·34; P<O·Ol) (Fig. 1) . The correlation coefficient for SOD on catalase was almost zero, suggesting that that any adaptive changes in SOD activity arc complemented by GPX as a peroxide decomposing agent. rather than catalase. 
ENZYME ACTIVITIES AND DIABETIC CONTROL
On the basis that a glycated haemoglobin of less . than 6·4% indicates diabetic control.F there seems to be greater maintenance of SOD, but not GPX and catalase activities in patients who can be so classified ( Table 2) .
ENZYME ACTIVITIES AND DURATION OF ILLNESS
Enzyme activities did not appear to be related to the duration of the illness as such. The lack of any discemable relationships could reflect various periods of undiagnosed diabetes.
ENZYME ACTIVITIES AND DIABETIC MARKERS
The design of the experiment was such that we wished to study relationships between each of five markers of diabetes (serum glucose,
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cholesterol, triglycerides, fructosamine, as well as glycated haemoglobin) and the three enzymes. In advance, it was decided not to study relationships between the diabetes markers in themselves. There were thus 15 possibilities for the drawing of scatter plots and calculation of correlation coefficients and their significances. Since this constitutes a multiple comparison procedure it is appropriate by the application of Bonferroni's inequality!' to divide the acceptable level of significance by 15, to make it 0·003 rather than 0·05. On this basis the only significant correlations (P<O·OOl) were between SOD activity and glycated haemoglobin and fructosamine separately in the group of diabetics as a whole. (Fig.  2) . The plot of SOD against cholesterol just fails to reach significance and is not presented here. Although by the stringent statistical criteria none of the enzymes in the separate treatment groups showed significant correlation with diabetes markers. nonetheless inspection of the scatter plots for the small group under dietary treatment alone strongly suggested a negative correlation of SOD with both glycated haemoglobin and fructosamme, and of GPx against fructosamine.
Multiple regression analysis therefore examined the relationship within all the treatment groups of SOD activity to glycated haemoglobin and fructosamine combined ( Table 3 ). The coefficients of determination reveal that about 33% of the variation of SOD can be accounted for in terms of the two glycated entities in alI the groups apart from that undergoing dietary treatment. for which the figure is 73%. This reinforces the impression (Fig. 2 ) that this group afforded the clearest results.
There were no significant correlations involving glucose. but since fasting samples were not obtainable this is not surprising.
..
Discussion
Since significant correlations of SOD with markers of diabetes have been demonstrated there appears to be substance in our supposition that low oxygen tensions in tissues over prolonged periods might lead to a decrease in the activities of enzymes detoxicating noxious oxygen species. This need not be the only explanation-it is possible to envisage. for example that the enzyme itself might be glycated, although this seems intrinsically unlikely in view of the dependence of SOD for its catalytic activity on the zinc and copper ions. 2 • 3 Subsequent studies will try to assess the amount of enzyme protein. whether or not glycated, in the control and diabetic red cells. If, however, there is less SOD in the diabetic erythrocytes this is presumably a reflection of decreased synthesis of the enzyme protein in response to chronically lowered oxygen tensions in the haemopoetic tissues.
Be that as it may. the measurement of SOD in diabetics, so far as it is dependent on the lifespan of the red cell. is similar to that of glycated haemoglobin, but of course reflects a different aspect of the pathophysiology. As a potential marker of the long-term metabolic derangements in diabetes it also has the advantage (in common with glycated haemoglobin) of not being sensitive to the post-prandial state.
GPX rather than catalase responds to fluxes in SOD synthesis if this indeed is the primary adaptation to low oxygen tensions, so that it may be the more significant peroxide decomposing enzyme in red celIs.
The number of markers of the diabetic state is now extensive. having expanded somewhat from the original hyperglycaemia and ketosis to hyperlipidaemia and the glycated proteins. I and the present work suggests that the assay of SOD is potentialIy an addition to these.
